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Abstract 

   Due to the dramatic increase in the number of patients with severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), designing new selective and 

sensitive sensors for the detection of this virus is of importance. In this research, 

by employing full atomistic molecular dynamics (MD) simulations, the 

interactions of the receptor-binding domain (RBD) of the SARS-CoV-2 with 

phosphorene and graphene nanosheets were analyzed to investigate their sensing 

ability against this protein. Based on the obtained results, the RBD interactions 

with the surface of graphene and phosphorene nanosheets do not have important 

effects on the folding properties of the RBD but this protein has unique dynamical 

behavior against each nanostructure. In the presence of graphene and 

phosphorene, the RBD has lower stability because due to the strong interactions 

between RBD and these nanostructures. This protein spreads on the surface and 
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has lower structural compaction, but in comparison with graphene, RBD shows 

greater stability on the surface of the phosphorene nanosheet. Moreover, RBD 

forms a more stable complex with phosphorene nanosheet in comparison with 

graphene due to greater electrostatic and van der Waals interactions. The 

calculated Gibbs binding energy for the RBD complexation process with 

phosphorene and graphene are -200.37 and -83.65 kcal.mol-1, respectively 

confirming that phosphorene has higher affinity and sensitivity against this 

protein than graphene. Overall, the obtained results confirm that phosphorene can 

be a good candidate for designing new nanomaterials for selective detection of 

SARS-CoV-2. 

Keywords: Coronavirus; MD simulation; Sensor; Electrostatic interaction; 

Nanostructures; Graphene; Phosphorene 

Introduction 

   At the moment, the novel coronavirus disease (COVID-19) leads to severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is one of the 

most important challenges that the world is facing [1-4]. This virus has different 

types that can infect mammalian animals and humans [5,6]. The alpha and beta 

species can infect humans and cause serious health problems [7]. The phylogenic 

analysis confirmed that the novel coronavirus belongs to the β-coronavirus family 

similar to the other beta coronaviruses such as Middle East respiratory syndrome 

coronavirus (MERS-CoV), bat-SARS coronavirus, and SARS-CoV [8-10]. The 



3

SARS-CoV-2 is composed of four proteins, including M (Membrane), S (Spike), 

E (Envelope), and N (Nucleocapsid) proteins [11]. The coronavirus can enter into 

the host cell through a mechanism of receptor binding followed by a fusion of 

viral and host membranes [12]. The spike protein of the coronavirus is composed 

of S1 and S2 subunits. The receptor-binding-domain (RBD) of S1 protein 

interacts with angiotensin-converting enzyme 2 (ACE2) as the host cellular 

receptor [13-15]. 

   There are many experimental and theoretical reports in the literature about drug 

design on antiviral agents against coronavirus and structural studies on this virus. 

Since the structure of the SARS-CoV-2 is similar to SARS-CoV (79.5 % of 

sequence similarity), Xu and et al. reported that niclosamide can be used as an 

effective antiviral agent against the novel coronavirus [16]. Moreover, theoretical 

studies revealed that ritonavir and lopinavir drugs have considerable potential for 

use as inhibitors for SARS-CoV-2 [17]. Based on the computational results, 

ritonavir has more inhibitory effects against coronavirus in comparison with 

lopinavir due to greater van der Waals (vdW) and electrostatic interactions with 

the active site of the novel coronavirus [17]. The ability of eravacycline, 

valrubicin, carfilzomib, and elbasvir were investigated by applying theoretical 

methods by Wang and coworkers [18]. Based on the obtained results, carfilzomib 

shows better outcomes for use as an inhibitor against SARS-CoV-2 [18]. In 

another theoretical study, Halim and et al. investigated the ability of over fifty 
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peptides as antiviral agents for novel coronavirus [19]. Their obtained results 

indicated that peptides having greater affinity to Tyr489 and Tyr505 of RBD 

show a better inhibitory effect [19]. Moreover, peptides containing Tyr, Phe, Gly, 

Ala, Asn, Gln, and Cys have stronger interactions with the RBD of SARS-CoV-

2. 

    In addition to finding a drug or antiviral agent for the SARS-CoV-2 designing 

selective and sensitive sensors for detection of the corresponding virus is of 

importance [20]. In this context, sensors based on nanostructures and biomaterials 

have considerable potential for selective detection of coronavirus [21]. For 

example, Ishikawa and coworkers designed a nanowire electrochemical sensor 

based on In2O3 for SARS-CoV-2 detection [22], which this sensor detects the N 

protein of coronavirus using an antibody mimic protein. Moreover, a fluorescent 

biosensor based on molybdenum disulfide (MoS2) nanosheet was reported by 

Weng et al. to detect an avian coronavirus [23,24]. In this sensor, MoS2 

functionalized by an antibody can selectively detect the avian coronavirus. 

Broughton and coworkers designed a sensor based on the CRISPR-Cas12 gene 

for the detection of novel coronavirus. This sensor shows a greater sensitivity 

against SARS-CoV-2 in comparison with the FDA-approved RT-PCR test [25]. 

   By employing theoretical methods [21,26], it is possible to design new sensors 

based on nanomaterial [27,28] including MoS2 [29], graphene [30], and 

phosphorene nanosheets [31]. Previous studies indicated that molecular dynamics 
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simulations can provide interesting results from the molecular viewpoint about 

the adsorption of the proteins on the phosphorene nanosheet. For example, Datta 

and coworkers investigated the adsorption of two dimeric proteins, namely the 

HIV-1 integrase and the λ6−85 repressor protein on black phosphorene nanosheet 

[32]. Their obtained results revealed that phosphorene nanosheets can make 

stable complexes with the corresponding proteins. Moreover, it is confirmed that 

the secondary structure of these proteins does not change after the adsorption on 

the surface of phosphorene.

In this article, by applying full atomistic molecular dynamics (MD) simulations, 

the interactions of RBD of SARS-CoV-2 with phosphorene nanosheet were 

investigated and compared with the RBD interactions with graphene. To design 

a sensitive and selective sensor for SARS-CoV-2 detection based on these 

nanosheets, molecular insight into the physiochemical process at the surface of 

the corresponding nanostructures is important. 

   In comparison to other 2D nanomaterials, it is possible to tune the band gap and 

properties of phosphorene nanosheet by changing the number of phosphorene 

layers by defects [33]. Moreover, phosphorene nanosheet has considerable 

mechanical flexibility, transparency, and high mechanical stability at ambient 

pressure [34-37]. Phosphorene nanosheets can be functionalized by various 

biomolecules [38], therefore the study of the interactions between RBD and 
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phosphorene nanosheets can provide interesting results for designing sensors for 

the detection of SARS-CoV-2.         

Theoretical methods

   To study the dynamical behavior of RBD in the presence of graphene and 

phosphorene nanosheets, full atomistic molecular dynamics (MD) simulations 

were applied. The crystal structure of the RBD of the SARS-CoV-2 was obtained 

from the protein data bank (PDB) with the 6M17 code. The black phosphorene 

and graphene nanosheets were placed at the bottom of a cubic box (10×10×10 

nm3, Figure S1). RBD having different orientations (ORs) was placed parallel 

relative to the surface of the nanostructures with the minimum distance of 10 Å. 

In other words, RBD can interact with the surface of graphene or phosphorene 

nanosheet in six ways, therefore the dynamical behavior of the RBD was analyzed 

in the presence of these nanostructures through twelve independent MD 

simulations. Then each system was fully solvated by water molecules (TIP3P 

water model) [39,40]. To neutralize the charge of the RBD, Na+, and Cl- counter 

ions were added and the MD simulations were performed in the presence of 150 

mM NaCl (physiological solution). 

   The reported parameters by Cheatham and coworkers were employed for Na+ 

and Cl- ions [41]. These parameters can reproduce the properties of NaCl solution 

and do not form any salt crystal or ion pair in water, which is an important factor 

for simulating the effects of physiological solution on biomolecules [42].
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   The MD simulation was started by 100000 steps of energy minimization on the 

structures in water. Then the temperature of the systems increased from 0 to 

298.15 K during 10 ns with 1fs time step in an NVT ensemble by employing the 

typical force constant of 2.5 kcal.mol-1.A2 for solute structure. After this step, the 

corresponding systems were equilibrated during 20 ns with 1fs time step in an 

NPT ensemble (298.15 and 1 bar) without any positional restraint. Finally, 200 

ns NPT MD simulation (product step) was performed with 2 fs time step on the 

obtained structures from the equilibrated step. To investigate the dynamical 

behavior of the RDB another 200 ns MD simulation was performed in the absence 

of graphene and phosphorene nanosheets (see Figure S1, minimization, heating, 

and equilibration steps for this system are the same as conditions reported for 

RBD with nanostructures.). 

   The General Amber Force Field (GAFF) parameters [43,44] and FF14SB force 

field [45-48] were employed for the nanosheets and RBD, respectively. It is well 

worth mentioning that to simulate the structure of the phosphorene nanosheet, it 

is assumed that the force constants for all bond and angle types in the force field 

parameters are identical according to the prior studies [49,50].

The periodic boundary conditions were employed in all directions for the studied 

systems. In the NPT simulations, the Langevin thermostat and isotropic 

Berendsen method were applied to control the temperature and pressure with a 

collision frequency of 5 ps-1 and the relaxation time of 1 ps for temperature and 
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pressure, respectively [51-56]. The Particle Mesh Ewald (PME) method with 10 

Å direct cutoff was used to calculate the long-range electrostatic interactions [55]. 

The SHAKE constraints were applied for all bonds involving hydrogen atoms 

[58]. The Amber 14 software package was employed for doing all molecular 

dynamic simulations [59]. 

   To calculate the binding energies by employing MD simulation for the RBD 

interactions with phosphorene and graphene surfaces, the molecular mechanics 

Generalized Born Surface Area (MM-GBSA) method was applied [60-64]. The 

entropy contribution was calculated by using harmonic approximation and the 

binding energies were calculated from the final 50 ns of the product step.

Results and discussion 

Dynamics of RBD 

   The interaction between RBD of the SARS-CoV-2 and ACE2 receptor is the 

main step of virus entry to the cell. Therefore, RBD can be a target for drug 

development and sensor design for the coronavirus. In this context, 200 ns MD 

simulations were applied to investigate the dynamical behavior and structural 

properties of RBD in the physiological solution. 

   Figure 1-a shows the obtained structure of RBD after the simulation time. 

According to this figure, the structure of RBD is divided into core and contact 

regions (CR). The core region is composed of five antiparallel strand β-sheet with 
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connected short α-helices and loops. In these β-sheets, there are 11 hydrogen 

bonds (H-bonds) between the residues, which play a key role in the stability of 

these strands. The contact regions (CRs) of the RBD with the ACE2 (Figure S2) 

consist of loops (CR1), β-sheets (CRs), and helices (CR3). The CR2 which is in 

the middle of the RBD interaction with ACE2 composed of two short strands of 

β-sheets that these strands have been stabilized by two internal H-bonds. 

Figure 1. The obtained structure of RBD after simulation time (a) and the calculated RMSD 

(b), Rg (c), RMSD (d), and number of H-bonds (e) of the RBD during 200 ns MD simulations.



10

 

   To study the structural stability of the RBD during the simulation time, root 

mean square deviation (RMSD) values were calculated. According to Figure 1-

b, the calculated RMSD values confirm that RBD has considerable stability in the 

physiological solution (RMSD= 3.84 ±0.25 Å) and the system has reached 

equilibrium. To compare the obtained RBD structure from the MD simulation 

with the crystallography structure, the simulated RBD was aligned to the crystal 

structure (Figure S3). Based on the calculated RMSD value (3.33 Å) of the 

aligned structures, the simulated RBD has remarkable stability in water 

confirming our computational setting. Figure 1-c shows the calculated radii of 

gyration (Rg) values of RBD during 200 ns MD simulations. According to this 

figure, the calculated average value of Rg for the RBD is 17.18 ± 0.11 Å, 

confirming the structural stability because a larger Rg indicates that the structure 

is less compact and has greater fluctuations during the simulation. 

   Root mean square fluctuation (RMSF) analysis (Figure 1-d) can provide 

information about the dynamics of the residue concerning its initial position. On 

the basis of the structural analysis the CR1, CR2, and CR3 consist of residues 

134-146, 147-154, and 155-164, respectively. According to the calculated RMSF 

values, the residues in the range of 120-150 have the maximum fluctuation in 

comparison with other residues, which confirms that CR1 and CR2 of the RBD 

have higher flexibility and fluctuation during the simulation time than the core 
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region and CR3 of the RBD. Hydrogen bond interactions have a crucial role in 

the stability of proteins. For the hydrogen bond analysis, the existence of a 

hydrogen bond was determined based on a cut-off distance of 3.5 Å between the 

acceptor and the donor atoms of the hydrogen bond as well as a cut-off of 30° for 

the hydrogen-donor-acceptor angle. The calculated average number of H-bonds 

of RBD indicated that this protein has 117.20 ± 5.69 internal H-bonds. Moreover, 

the comparison between the trend of the calculated number of H-bonds (Figure 

1-e) and RMSD values during the simulation time confirms that increasing the 

internal H-bonds elevate the RBD stability.   

Dynamics of RBD on the surface of graphene and phosphorene nanosheets

   As mentioned before, the RBD interaction with the ACE2 receptor is the main 

step of virus entry to the cell. Therefore, the study of the RBD interaction with 

graphene and phosphorene nanosheets can provide useful results for designing 

new sensors based on these nanostructures for SARS-CoV-2 detection. To 

investigate the RBD interactions with phosphorene and graphene nanosheets, its 

dynamical behavior was analyzed by considering different initial orientations 

relative to the corresponding nanostructures.

   Figure 2 shows the obtained structures of RBD after the simulation time in the 

presence of the graphene nanosheet. In this figure, OR1 shows the RBD 

interaction with graphene surface from the contact region side (CR1, CR2, and 

CR3). In contrast, the second orientation (OR2) shows an opposite orientation for 
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the RBD interaction relative to the surface when the binding site is on the top. 

Overall, RBD can interact with the surface through six paths, in which OR1, OR3, 

and OR5 are in opposite directions relative to the surface in comparison with 

OR2, OR4, and OR6, respectively.

   

Figure 2. The obtained structures of the RBD, having different initial orientations, in the 

presence of graphene nanosheet after the simulation time. The initial configurations are 

represented as the small figures on the top corner.

   According to Figure 2, the obtained structure of OR1 shows that, after the 

simulation time, the RBD interacts with the graphene surface through the CR1, 

while at the initial step of the simulation, CR1, CR2, and CR3 have an equal 

distance approximately relative to the surface. Moreover, structural analysis 
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indicates that RBD maintains its secondary structure in the presence of graphene. 

In other words, the interaction of graphene and RBD has no important effect on 

the secondary structure and folding properties of the RBD. According to Figure 

2, RBD spreads on the graphene surface through OR3 and OR4. These 

interactions are more important in comparison with other orientations from the 

energy point of view. Based on the obtained results, the contact regions (CR1, 

CR2, and CR3) of the RBD have the maximum interactions with the graphene 

surface. According to Figure 2, the initial configurations are different, but the 

RBD-graphene complexes, after the simulation time, indicate that RBD prefers 

to interact with graphene from the contact region (except OR2). 
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Figure 3. The obtained structures of the RBD complexes with phosphorene nanosheet after the 

simulation time with different initial orientations relative to the surface. The initial 

configurations are represented as the small figures on the top corner.

   Figure 3 shows the structure of RBD after the simulation time on the surface of 

the phosphorene nanosheet. According to this figure, the dynamical behavior of 

the RBD on the surface of phosphorene is different in comparison with the 

graphene surface. According to Figure 3, all CRs of the RBD interact with the 

phosphorene nanosheet in OR1, which is in contrast to graphene. In the presence 

of graphene, only CR1 of the RBD interacts with the surface. Moreover, no 

residue of the binding site interacts with the phosphorene surface in the cases of 

OR3 and OR4, which is in contrast to the RBD-graphene complex. 

   

Figure 4. The calculated average values of RMSD (a), Rg (b), the number of the internal H-

bonds (c), and SASA (d) of the RBD in the presence and absence of the nanostructures.



15

   To investigate the structural stability of RBD on the surface of graphene and 

phosphorene, RMSD analysis was applied (Figure S4). According to Figure 4-a, 

RBD has a lower structural fluctuation in the absence of nanostructures. This 

means that the RBD interaction with the surfaces negligibly reduces its stability. 

The comparison between the calculated RMSD values in the presence of 

graphene and phosphorene reveals that RBD has greater stability on the 

phosphorene surface than that of graphene. The calculated Rg values of the RDB 

(Figure 4-b) confirm that RBD spreads on the surface of these nanostructures and 

RBD has lower compaction in the presence of graphene and phosphorene (OR1, 

OR3, OR4, and OR6). 

Internal H-bond interaction is one of the important factors in the structural 

stability of proteins. Figure 4-c shows the calculated average number of H-bonds 

of RBD in the presence and absence of graphene and phosphorene nanosheets. 

According to this figure, RBD has the maximum of internal H-bond interactions 

on the graphene and phosphorene surfaces through OR4 and OR3, respectively. 

The remarkable point is that there is a direct relationship between Rg and the 

number of H-bonds. For example, the maximum Rg value is obtained when RBD 

interacts with graphene through OR3. On the other hand, due to lower structural 

compaction, the possibility of internal H-bond interactions decreases, which is in 

agreement with the calculated number of hydrogen bonds. 
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   RBD has a greater solvent accessible surface area (SASA) in the presence of 

the nanostructures because RBD spreads on the surface of graphene and 

phosphorene due to complex formation (Figure 4-d). Moreover, the calculated 

SASA values confirm the obtained results of the Rg and H-bond analyses. 

The calculated RMSF values indicate that the residues of the RBD have 

lower flexibility of the phosphorene surface in comparison with graphene (Figure 

5). According to Figure 5-a, RBD has the maximum and minimum stability 

through OR6 and OR4, respectively, due to the interactions with graphene. In 

contrast to graphene, RBD represents remarkable stability on the phosphorene 

surface (Figure 5-b), according to the calculated RMSF values. Based on Figure 

5-b, the calculated maximum RMSF value of RBD in the presence of 

phosphorene is 12.04 Å, which confirms a considerable interaction of RBD and 

phosphorene. 

           

Figure 5. The calculated RMSF values for the RBD in the presence of graphene (a) and 

phosphorene nanosheets (b).  

   On the basis of obtained results, the dynamical behavior of RBD is different on 
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the phosphorene and graphene surfaces. This means that RBD has greater 

stability or lower fluctuation in the presence of phosphorene in comparison with 

graphene. Therefore, it can be claimed that phosphorene can form a more stable 

complex with RBD than graphene.

RBD interactions with phosphorene and graphene nanosheets 

   To have an insight into the sensitivity of graphene and phosphorene nanosheets 

against RBD, the possible interactions in the complexes were analyzed. Figure 6-

a shows the calculated average number of the contacts between RBD and surfaces 

of the nanostructures (with 4 Å cutoff). According to this figure, the amino acid 

residues of the RBD have greater interactions with phosphorene in comparison 

with graphene. Moreover, based on the calculated number of contacts, RBD has 

maximum contact with graphene and phosphorene surfaces through OR5 and 

OR6, respectively. On the other hand, the calculated average center of mass 

distance between the RBD and the nanostructures confirms that RBD prefers to 

interact with phosphorene than graphene (Figure 6-b). According to Figure 6-b, 

RBD has the maximum interaction with graphene surface through OR3. Because 

through this orientation, this protein lies in the closest distance relative to the 

graphene surface, which is in agreement with the previous results (Rg and H-

bond analyses). 

   In the presence of phosphorene nanosheet, the distances of the RBD relative to 

the surface are in the range of 2.2 to 2.9 nm. OR4 has the minimum distance with 
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the phosphorene surface in comparison with other orientations. Phosphorene and 

graphene can adsorb RBD due to electrostatic and van der Waals (vdW) 

interactions. Therefore, the electrostatic and vdW interactions between RBD and 

different nanostructures were calculated by employing the linear interaction 

energy (LIE) analysis method [65]. According to the calculated values of the 

electrostatic interaction energy (EIE) and vdW interaction energy (Figure 6), the 

electrostatic interactions between RBD and the surface of the nanostructures have 

a greater effect on the stability of nanostructure-RBD complexes in comparison 

with vdW interactions. Figure 6-c shows that RBD can form more stable 

complexes with phosphorene than graphene due to greater electrostatic 

interactions. In other words, phosphorene represents a higher sensitivity against 

RBD in comparison with graphene. 

   The comparison between the calculated EIE values reveals that RBD has the 

highest electrostatic interaction with graphene through OR3, while this protein 

forms the most stable complex with phosphorene through OR2. The calculated 

vdW interaction energies (Figure 6-d) are similar to the mentioned analyses 

confirming that phosphorene nanosheet has a greater affinity to RBD than 

graphene. Moreover, the vdW interactions of the RBD-graphene and RBD-

phosphorene are greater through OR3 and OR6, respectively. 
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Figure 6. The calculated average number of contacts (a), center of mass distance (b) EIE (c), 

and vdW interaction energy between RBD and graphene and phosphorene surfaces.

   Trajectory analysis indicates that the dynamics and behavior of RBD are 

different on the surface of phosphorene and graphene nanosheet. To study the 

effect of the RBD interaction with these nanostructures on the dynamical 

behavior, free energy landscape (FEL) analysis was applied [66]. The FEL 

analysis provides interesting details on the RBD interactions by identifying the 

structural changes of this protein [66]. Moreover, this method correlates the 

structure to the dynamical behavior and stability of biomolecules. 

Figure 7 shows the FEL of the RBD in the presence and absence of 

phosphorene. The minimum point of the FEL identifies the most stable 
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conformation of the RBD during the simulation time. The FEL of the RBD 

changes in the presence of the nanostructures, which confirms that RBD has 

considerable interactions with the surfaces of graphene and phosphorene. The 

difference in the shape of the FELs of RBD in the presence of phosphorene 

(Figure 7) and graphene (Figure S5) reveals that the strength of the RBD 

interactions with these surfaces is different having unique dynamics on the 

surface of each nanostructure.

   Overall, based on the calculated values of EIE and vdW interactions, the role 

of the electrostatic interactions is more important on the stability of RBD 

complexes with different surfaces. Moreover, it can be concluded that RBD forms 

the most stable complexes with phosphorene and graphene in the OR2 and OR3, 

respectively. Moreover, the phosphorene nanosheet shows higher sensitivity 

against this protein in comparison with graphene. Based on the FEL analysis, the 

interaction between the RBD and surfaces changes the dynamical behavior and 

structural stability of the RBD.
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Figure 7. The calculated FEL of the RBD in the presence and absence of phosphorene. The RMSD, Rg, and energy are in Å and kcal.mol-1, 

respectively.
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Binding energy 

   To have a quantitative insight into the stability of the RBD complexes with 

phosphorene and graphene nanosheets, Gibbs binding energies were calculated 

by employing the MM-GBSA method. According to the calculated Gibbs binding 

energy in the gas phase (ΔGgas), the complex formation between RBD and 

different nanostructures is favorable from the thermodynamic viewpoint (Table 

1). Moreover, RBD forms more stable complexes with graphene than 

phosphorene in the gas phase except through OR2. Actually, through this 

orientation, the most stable complex is obtained in the presence of the 

phosphorene nanosheet. On the basis of the calculated Gibbs binding energy in 

the solution phase (ΔGsol), in contrast to the gas phase, the complexation process 

is not favorable thermodynamically (ΔGsol>0). In other words, solvent reduces 

the stability of the RBD complexes with the corresponding nanostructures. This 

result indicates the remarkable role of the solvent on the interaction between RBD 

and the surfaces. The calculated total Gibbs binding energy (ΔGtot) confirms that 

the orientation of the RBD relative to the graphene and phosphorene is important, 

which changes the stability of the corresponding complexes. Moreover, through 

OR3 and OR6, RBD forms more stable complexes with graphene in comparison 

with the phosphorene. RBD forms the most stable complexes with graphene and 

phosphorene through OR3 and OR2, confirmed by the calculated ΔGtot values (-

83.65 and -200.37 kcal.mol-1, respectively). Therefore, it can be concluded that 
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phosphorene has more affinity and sensitivity against RBD in comparison with 

graphene.

    Electrostatic and vdW interactions have key roles in the stability of the RBD 

complexes with the nanostructures. Moreover, these parameters are the main part 

of the calculated Gibbs binding energy. MM-GBSA and LIE methods confirm 

that RBD has lower vdW and electrostatic interactions with graphene than 

phosphorene. Therefore, the calculated values of ΔGtot for the graphene-RBD 

complexes show less stability in comparison with the phosphorene-RBD 

complexes. 

Table 1. The calculated Gibbs binding energies (kcal.mol-1) of the RBD complexes with graphene 
and phosphorene nanosheets. 

Graphene ΔGgas SD ΔGsol SD ΔGtot SD
OR1 -166.47 6.45 90.68 4.23 -75.79 4.24
OR2 -122.30 5.01 59.55 2.88 -62.74 3.87
OR3 -170.80 7.64 87.15 5.40 -83.65 5.65
OR4 -167.82 6.49 101.07 6.24 -66.74 3.80
OR5 -153.40 10.52 100.30 7.45 -53.10 5.72
OR6 -143.85 12.57 88.50 9.40 -55.35 6.06

Phosphorene
OR1 -149.67 4.48 45.23 2.95 -104.43 3.29
OR2 -293.11 6.24 92.73 3.74 -200.37 5.53
OR3 -100.91 6.13 25.68 3.34 -75.23 3.79
OR4 -103.73 7.11 35.14 4.07 -68.58 4.62
OR5 -98.12 13.91 28.41 4.76 -69.71 11.17
OR6 -104.54 3.49 54.10 2.80 -50.44 2.49

 

      There is an interesting trend between the calculated EIE by linear interaction 

energy (LIE) analysis and the calculated ΔGtot by MM-GBSA method for the 

RBD interaction with phosphorene surface. According to Figure 8-a, both LIE 

and MM-GBSA methods predict that RBD has the most stable complex with the 

phosphorene nanosheet through OR2. This result confirms that electrostatic 
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interactions between RBD and the surface of the nanostructure have key roles in 

the stability of the corresponding complexes because the trend of the electrostatic 

interactions and the calculated total Gibbs binding energy is the same. The 

interaction strength and dynamical behavior of RBD in the presence of 

phosphorene and graphene are different because the involved amino acid residues 

are different, according to Figures 8-b and 8-c. The calculated interaction energies 

for RBD interactions with phosphorene nanosheet indicate that the electrostatic 

interaction has a greater contribution than vdW interaction in the stability of the 

RDB-phosphorene complex. This result is due to the polar and charged nature of 

the involved residues in the interactions between phosphorene nanosheet and 

RBD (Figure 8-c).
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Figure 8. The predicted trend between the calculated electrostatic interactions with the LIE 

method and the total binding Gibbs energy of the RBD complex with phosphorene nanosheet 

(a) and the amino acid residues involved in the RBD interactions with graphene (b) and 

phosphorene (c). 

Conclusion 

   Molecular dynamics simulation was applied to investigate the affinity of 

graphene and phosphorene nanosheets against RBD of the SARS-CoV-2. On the 

basis of the obtained results, these nanostructures change the structural stability 

of the RBD. This protein has lower structural stability with graphene in 

comparison with the phosphorene nanosheet. The FEL analysis reveals that RBD 

has considerable interactions with the surfaces of graphene and phosphorene 

nanosheet. Moreover, graphene and phosphorene nanosheets can change the 

dynamical behavior of this protein due to strong interactions with RBD. The 

electrostatic and vdW interactions between RBD and the surfaces of graphene 

and phosphorene have a key role in the stability of RBD complexes with the 

corresponding nanostructures. The strength of the RBD interactions with 

phosphorene and graphene and their dynamical behavior on their surfaces are 

different because of the variety of the involved amino acid residues in the 

corresponding interaction sites. RBD forms a more stable complex with 

phosphorene due to greater electrostatic and vdW interactions in compassion with 

graphene. Moreover, based on the calculated binding energies, phosphorene 

nanosheet shows greater sensitivity and affinity against RBD than graphene. 
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Finally, based on different analyses, phosphorene has a considerable ability for 

using as an agent for designing new sensors to detect SARS-CoV-2.

Supporting Information

    The initial setup of the simulation boxes (X=Y=Z= 10 nm) for the RBD, 

graphene nanosheet, and phosphorene nanosheet, the RBD through different 

orientations, the crystal structure of the RBD complex with the ACE2 receptor, 

the aligned structures of the obtained RBD structure from MD simulation with 

the crystallography structure of RBD, the calculated RMSD and Rg of the RBD 

in the absence and presence of graphene and phosphorene nanosheets, and the 

calculated FEL of RBD in the presence and absence of graphene nanosheets.
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Theoretical simulations reveal that phosphorene nanosheet has a considerable 

ability as a sensor for SARS-CoV-2 detection. 

Highlights

- Our aim is the study of the interactions between the RBD of SARS-CoV-2 

and phosphorene/graphene surfaces. 

- Electrostatic and vdW interactions have a key role in the stability of RBD-

nanostructure complexes.

- Phosphorene nanosheet represents more sensitivity and affinity against 

RBD than graphene.

- Phosphorene is a good candidate for designing a new sensor for 

coronavirus detection. 
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